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MicroRNAs (miRNAs) play profound roles in plant growth and development by regulating gene
expression. Tetraploid plants often have better physical characteristics and stress tolerance than their
diploid progenitors, but the role of miRNAs in this superiority is unclear. Paulownia tomentosa, (Pau-
lowniaceae) is attracting research attention in China because of its rapid development, wide distribution,
and potential economic uses. To identify miRNAs at the transcriptional level in P. tomentosa, Illumina
sequencing was used to sequence the libraries of diploid and tetraploid plants. Sequence analysis
identiﬁed 37 conserved miRNAs belonging to 14 miRNA families and 14 novel miRNAs belonging to seven
miRNA families. Among the miRNAs, 16 conserved miRNAs from 11 families and ﬁve novel miRNAs were
differentially expressed in the tetraploid and diploid; most were more strongly expressed in the former.
The miRNA target genes and their functions were identiﬁed and discussed. The results showed that
several P. tomentosa miRNAs may play important roles in the improved traits seen in tetraploids. This
study provides a foundation for understanding the regulatory mechanisms of miRNAs in tetraploid trees.
 2014 The Authors. Published by Elsevier Masson SAS.Open access under CC BY-NC-ND license.1. Introduction
MicroRNAs (miRNAs) are a major type of endogenous 21e24
nucleotide (nt) single-stranded non-coding RNAs that are predom-
inately derived from intergenic regions in both prokaryotes and
eukaryotes [1e3]. They play important regulatory roles at the tran-
scriptional and post-transcriptional levels during many growth and
developmental processes, such as developmental timing, hormone
responses, and reactions to environmental stress response [4e6].
MiRNAs were initially discovered in Caenorhabditis elegans [7].
In recent years, hundreds of small RNAs, especially miRNAs with
low abundance, have been isolated in various higher plant species
using next-generation sequencing technology and experimental
and/or bioinformatical approaches, but most of these studies have
focused on crop and annual plants; very few studies have involved
forest trees [8e17]. For example, little information on miRNAs from
Paulownia (Paulowniaceae) is available. Paulownia tomentosa is one
of the most important indigenous fast-growing tree species in
China, where it has a very wide distribution and is intercropped on
2.5 million ha of farmland. For effective breeding and improvement
of P. tomentosa, autotetraploids were derived from diploid parentMasson SAS. Open access under CC BY-Nplants using colchicine [18]. Recently, the ecological characteristics
and timber quality of the autotetraploid trees were found to be
better than those of the corresponding diploids [19,20]. To clarify
the underlying molecular mechanisms of prominent characteristics
of the autotetraploid trees, we here adopted high-throughput
sequencing technology to identify conserved and novel miRNAs
of P. tomentosa. Differences in expression levels of these miRNAs
between the diploids and autotetraploids were analyzed, and the
potential roles of their target genes were investigated.
2. Materials and methods
2.1. Materials
Diploid (PT2) and autotetraploid (PT4) P. tomentosawere grown
for 30 days in vitro on MS media containing 20 g L1 sucrose,
1.0 mg L1 NAA and 180 mg L16-BA at 25 C under a 16/8 h (light/
dark) photoperiod, respectively. Leaves from plants were collected,
frozen immediately in liquid nitrogen, and stored at86 C for total
RNA extraction.
2.2. Small RNA library construction and sequencing
Total RNA was extracted from PT2 and PT4 leaves with Trizol
reagent (Invitrogen, Carlsbad, CA, USA) following theC-ND license.
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and sequenced using the GAIIx platform. Brieﬂy, 4 mg of total RNA
were ligated with the 50 and 30 adapters successively. The reverse
transcription reaction is used to create single stranded cDNA, and
then ampliﬁed by 12 cycles PCR. The cDNA library were puriﬁed by
polyacrylamide gel electrophoresis (PAGE) to select the fragments
sized from 140 to 160 bp to produce the library for cluster gener-
ation and sequenced on the GAIIx platform were performed
following the manufacturer’s standard cBot and sequencing
protocols.
2.3. Identiﬁcation of miRNAs
The raw reads were produced with Illumina sequencing, and the
low quality reads, adapters and contaminated reads were removed.
The unique reads were then used to analyze the length distribution
and mapped onto the Paulownia unigenes using miRDeep2. The
perfectly matched reads were retained for further analysis. The
reads matching non-coding RNA (including tRNA, rRNA, snoRNA,
and other ncRNA, except microRNA) in non-coding RNA database
[21] (Release 10) were deleted.
The remaining reads were searched against the plant mature
microRNA of Sanger miRBase (Release 19.0) to identify the
conserved miRNAs using the program Blastall, allowing two mis-
matches. The potential novel miRNAs were identiﬁed by using
MIREAP and RNAfold [22] to fold ﬂanking sequences and predict
secondary structures. If the sRNA had a perfect stem loop structure
and followed the other criteria described by Meyers et al., it was
considered to be a novel miRNA [23].
2.4. Differential expression analysis of miRNAs in the PT2 and PT4
In the miRNA expression analysis, the abundance of miRNAs in
the two libraries was normalized to one million, regardless of the
total number of miRNAs in each sample. The fold change between
the PT4 and PT2 was calculated as follows:
Fold change ¼ miRNA normalized read counts in PT4 library/
miRNA normalized read counts in PT2 library.



















log 2 ratio ¼ log 2ðfold changeÞ
For direct comparison, Paulownia plantlets used to construct the
libraries were grown under similar conditions.
2.5. Identiﬁcation of miRNAs targets by degradome sequencing
To dissect miRNA-guided genes regulation in the PT2 and PT4
plants, two degradome libraries suitable for miRNA target identi-
ﬁcationwere constructed following a previously described protocol
[24,25]. In brief, poly(A) RNA was isolated and ligated to a 50RNA
adapter containing a MmeI recognition site. After reversetranscription using oligod(T) and PCR enrichment, the PCR products
were puriﬁed and digested with MmeI (NEB, Ipswich, MA, USA). A
double-stranded DNA adapter was then ligated to the digested
products using T4 DNA ligase (NEB, Ipswich, MA, USA). The prod-
ucts were ampliﬁed using 20 PCR cycles and the ﬁnal cDNA library
was puriﬁed and sequenced on Illumina HiSeqTM 2000 system.
After initial processing, the unique sequence signatures were
mapped to the database of P. tomentosa transcriptome sequences
using SOAP software (http://soap.genomics.org.cn/) to deﬁne the
coverage rate. The perfect matching sequences were retained and
extend to 31 nt by adding approximately 15 nt of upstream of the
sequence. All resulting reads (t-signature) were reverse-
complemented and aligned to the miRNA identiﬁed in this study.
Alignments with scores not exceeding 4 and having the 50 end of
the degradome sequence coincident with the tenth and eleventh
nucleotides of complementarity to the sRNA were considered po-
tential targets. Furthermore, t-plots were built according to the
distribution of signatures (and abundances) along these transcripts.
To better understand the functions of these targets, the Iprscan
(http://www.ebi.ac.uk/tools/pfa/iprscan/) program was employed
to gain the GO annotations and the pathway from the unigene
database through Blastall hits against the available Pfam database
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base in NCBI by an E-value threshold of less than 105. The GO
categorization results were expressed as three independent hier-
archies for biological process, cellular component, and molecular
function [26].
2.6. Quantitative real-time PCR
Identiﬁed P. tomentosa miRNAs and their target genes were
experimentally validated using quantitative real-time PCR (qRT-
PCR). For the experiment samples, diploid and tetraploid
P. tomentosa tissue culture plants grown for 30 days, sixmonths and
one year were used. RNA from two biological replications were
used for qRT-PCR, and total RNA was isolated using plant RNA
extraction KIT (Aidlab Biotechnologies Co.,Ltd., Beijing, China). The
stem-loop primers were designed for qRT-PCR as described previ-
ously [27]. The forward primers were designed based on the
mature miRNA sequences and the reverse primer was the universal
reverse primer, with U6 as the endogenous reference. The primers
for target genes were designed with Beacon Designer, version 7.7
(Premier Biosoft International, Ltd., Palo Alto, CA, USA), and the 18S
rRNA of Paulowniawas chosen as an endogenous reference gene for
normalization. All reactions were run in triplicate for each sample.
The sequences of the primers are listed in Table S1. SuperScriptIII
platinum SYBR Green one-step qRT-PCR kit (Invitrogen, Carlsbad,
CA, USA) and a CFX96 real time PCR system (Bio-Rad) were
employed to detect and compare the expression levels. For each
reaction, 500 ng of total RNA was mixed with 10 mL of Super-
ScriptIII platinum SYBR green PCR master mix and 4 pmol each of
the reverse transcription, the forward and reverse primers in a ﬁnal
volume of 20 mL. The conditions for PCR ampliﬁcation were as
follows: 40 cycles at 95 C for 15 s and 55 C for 30 s. The 2DDCT
relative quantization method was used to analyze relative changes
in gene expression during the qRT-PCR experiments.
3. Results
3.1. Statistical analysis of sRNAs
The two sRNA libraries generated a total of 14,520,461 (PT2) and
13,109,201 (PT4) reads, respectively, by Illumina sequencing. After
discarding the low-quality tags, adaptors, contaminants, sequences
shorter than 18 nt, and sequences with poly-A tails, there remained
Fig. 1. Length distribution of sRNAs in diploid and tetraploid Paulownia tomentosa. Fig. 2. MiRNA families of Paulownia tomentosa sequence reads.
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ysis. Themajority of the clean reads were 21e24 nt in length in both
libraries, typical of Dicer-derived products (Fig. 1). The most
abundant class of sRNAs was 24 nt, approximately 27% on average,
while the 21-nt sRNAs represented approximately 15% of the clean
reads, on average. These results were similar to the sRNAs of many
plant species, including Arabidopsis. A total of 45.14% of the sRNAs
matched the Paulownia unigenes in the two libraries, and the
matched clean tags were classiﬁed and annotated into miRNAs,
snoRNAs, snRNAs, and tRNAs using the GenBank, Rfam, and miR-
Base databases (Table 1). The same amount of RNA was used to
construct these two libraries and the samples were prepared in a
similar manner. The counts of sRNAs in the two libraries were very
similar (Table 1), indicating that chromosome doubling had little
effect on the classiﬁcation of P. tomentosa sRNAs. Those sRNAs that
could not be annotated to any category were further analyzed to
predict novel miRNAs and new conserved miRNAs.
3.2. Identiﬁcation of conserved and novel miRNAs
The miRNA sequences were evaluated using miRBase 18.0.
Those that differed from known miRNAs by two mismatches or
fewer were deﬁned as conservedmiRNAs. A total of 35 (PT2) and 37
(PT4) distinct conserved miRNAs and miRNAs* (miRNA star) se-
quences belonging to 14 miRNA families were identiﬁed in the two
libraries (Table S2). Among these families, pau-miR166 was the
most abundant, representing approximately 91.55% of the reads
generated from the PT2 library, while pau-miR858 and pau-
miR2111 were the least abundant (Fig. 2). Twenty-one miRNAs
had more than one hairpin structure, indicating that their pri-
miRNAs were different and that these miRNAs families had more
members than others.
In addition to conserved miRNAs, the remaining unannotated
sRNAs yielded 13 (PT2) and 14 (PT4) sequences belonging to seven
families that were predicted as potential novel miRNAs using
updated plant miRNA annotation criteria [23]. Their sequence in-
formation and hairpin structures are given in Table S3 and Fig. S1.Table 1
Categories and statistical summary of sRNAs in diploid and tetraploid Paulownia tomento
Class PT2
Unique % Reads %
miRNA 2763 0.10 960,773
snoRNA 1216 0.04 13,450
snRNA 1486 0.05 4041
tRNA 21,508 0.77 349,773
Other 59,287 2.13 1,041,270
unannotated 2,698,818 96.90 9,222,920 73.3. Expression analysis of miRNAs in diploid and tetraploid
P. tomentosa
The expression levels of miRNAs as indicated by the relative
abundances of their sequences were compared between PT2 and
PT4. All conserved and novel miRNAs were normalized and
analyzed by calculating their fold-change ratios and P-value. MiR-
NAs with P-values less than 0.05 and log 2 ratio <1 or >1 were
considered to have signiﬁcantly-different expression levels. Sixteen
conserved miRNAs belonging to 11 miRNA families were signiﬁ-
cantly differently expressed between PT2 and PT4 (Fig. 3A). Among
them, miRNA pau-miR166-3p-1, pau-miR169 and pau-miR169-3p
were expressed more weakly in PT4 than in PT2, while the others
were expressed more strongly; pau-miR169-3p had the lowest
relative expression and pau-miR397-3p the highest. We also
detected ﬁve novel miRNAs with signiﬁcantly different expression
levels (Fig. 3B), all of which were expressed more strongly in PT4.
Among all of the novel miRNAs, only pau-miR4, pau-miR4-3p, and
pau-miR5 had lower relative expressions in PT4. Of the novel
miRNAs, pau-miR2 had the highest relative expression in PT4 and
pau-miR4-3p the lowest.
3.4. Target identiﬁcation for Paulownia miRNAs by degradome
analysis
To better understand the functions of the identiﬁed P. tomentosa
miRNAs in this study, a recently developed degradome sequencing
approach [24,25] was applied to identify the targets of the
P. tomentosa miRNAs. A total of 20,991,041 (PT2) and 19,870,270
(PT4) raw reads of 30 cleavage fragments were generated. After
removal of low quality sequences, adapter sequences and redun-
dancy reads, 7,256,739 and 6,522,175 unique reads from PT2 and
PT4 degradome libraries, respectively, could be perfectly mapped to
the paulownia transcriptome (Table 2). By PAIRFINDER software
analyzed, 221 miRNA-targeted transcript pairs were conﬁrmed by
degradome sequencing (Table S4). Based on the signature relative
abundance at the target sites, these target transcripts were selectedsa.
PT4
Unique % Reads %
8.29 2429 0.10 911,671 8.84
0.12 1272 0.05 17,407 0.17
0.03 1521 0.06 4315 0.04
3.02 14,182 0.59 250,937 2.43
8.98 46,299 1.92 926,515 8.99
9.56 2,348,476 97.28 8,200,200 79.53
Fig. 3. Differential expression of miRNAs in diploid and tetraploid Paulownia tomentosa. A. Differential expression of conserved miRNAs. B. Differential expression of novel miRNAs.
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[24,25]. Among these identiﬁed targets, 130 targets (130 cleavage
sites) belonged to category I, 102 targets (195 cleavage sites) were
found to belong to category II, and only 22 (30 cleavage sites) were
in category III (Table S4).
A BlastX search of the SwissProt database showed that these
miRNA targets shared homology with other plant proteins
(Table S4). The pathways of these target genes were then analyzed
using the KEGG database and GO analysis (Table S4, Fig. 5). The
predicted genes were involved in a broad spectrum of cellTable 2
Summary of reads produced by degradome sequencing in PT2 and PT4.
Types of reads Number of reads
PT2 PT4
Total reads 20,991,041 19,870,270
High quality 20,959,687 19,823,683
Adaptor 3 null 4895 5084
Insert null 12 22
Adaptor 5 contaminants 67,501 61,085
Smaller than 18 nt 7438 6242
Clean reads (unique) 20,879,841 (9,399,611) 19,751,250 (8,525,686)
Mapping to transcriptome
reads (unique)
17,147,888 (7,256,739) 16,347,595 (6,522,175)developmental processes, including energy metabolism, signal
transduction, and transcriptional regulation, and have important
functions during plant growth. For example, pau-miR398, which
was more strongly expressed in PT4, targets the gene encoding
serine/threonine-protein kinase abkC, a kinase enzyme that phos-
phorylates the OH group of serine or threonine. Serine/threonine
kinase receptors play a role in regulating cell proliferation, pro-
grammed cell death (apoptosis), cell differentiation, and embryonic
development [28]. Genes encoding myb-related protein, tran-
scription repressor MYB5, and transcription factor WER (MYB66)
are targeted by pau-miR858. MYB is a transcription factor that is
involved in plant growth and abiotic stress resistance. Members of
these proteins families regulate gene expression in response to salt,
drought, and cold stresses [29]. The pau-miR169, which was more
weakly expressed in PT4, was predicted to target the gene encoding
nuclear transcription factor Y subunit (NFYB). NFYB has been
shown to interact with CCAAT/enhancer binding protein zeta,
CNTN2, TATA binding protein and MYC [30].
3.5. Expression pattern analysis of P. tomentosa miRNAs and their
targets
To conﬁrm the expression of identiﬁed miRNAs and detect their
dynamic expression in diploid and tetraploid plantlets at different
Fig. 4. Target plots (t-plots) of miRNA targets in different categories conﬁrmed by degradome sequencing. (A) t-plot (top) and miRNA: mRNA alignments (bottom) for two category I
targets, comp58985_c0_seq1 and comp72222_c0_seq1 transcripts. The arrow indicates signatures consistent with miRNA-directed cleavage. The solid lines and dot in miRNA:
mRNA alignments indicate matched RNA base pairs and GUmismatch, respectively, and the red letter indicates the cleavage site. (B) comp62436_c0_seq4 and comp70046_c2_seq1,
a category II target for pau-miR156a and pau-miR160. (C) comp74327_c0_seq21 and comp70337_c1_seq3, a category III target for pau-miR166 and pau-miR408a.
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Fig. 5. Gene Ontology analysis of conserved miRNA targets in Paulownia tomentosa.
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conserved miRNAs with signiﬁcantly altered sequencing counts
following sequencing were analyzed by qRT-PCR. The RNA not only
included 30 days growth diploid and tetraploid plantlets, but also
six months and one year plants. As shown in Fig. 6, miRNA
expression levels varied over the course of the plant growth. From
the results, the expression of nine miRNAs (pau-miR156a, pau-
miR166-3p, pau-miR169-3p, pau-miR2111-3p, pau-miR396b, pau-
miR408b, pau-miR858, pau-miR6, and pau-miR6-3p) in diploid
and tetraploid increased at early stage and then decreased in the
late stage, following the same mode with the growth of plantlets.
The expression of pau-miR397 and pau-miR482bwere decreased at
the six months and one year plants stages, and pau-miR169, pau-
miR398 and pau-miR408a-3p have the different expression mode.
Also, we found that six months of P. tomentosa plantlets has the
most abundant expression of miRNA, which probably means this
period was the most important time of plant growth. In the com-
parison of miRNA expression at different growth stages of diploid
and tetraploid, we have got two biological replicates results that
have been consistent. The expressions of most miRNAs showed
similar trends to those determined by Solexa sequencing only a few
different. But only seven miRNAs in the three stages have the same
expression trend between diploid and tetraploid. The expressions
of pau-miR169-3p, pau-miR396b and pau-miR482b in three stagesof tetraploid were all less than the diploid, pau-miR397, pau-
miR398 and pau-miR408a-3p were on the contrary. The expres-
sions of the rest of miRNAs in three stages of tetraploid were
signiﬁcantly different from its diploid. These results indicated that
the expression of miRNAs were very complex and varied during the
growth and development of P. tomentosa.
To test the potential correlation between miRNAs and their
target genes, the expression patterns of eleven miRNA targets at
different development stages by using real-time PCR were
analyzed. These targets included squamosa promoter-binding-like
protein 12 (comp62436_c0_seq4) targeted by pau-miR156a,
Cysteine proteinase RD21a (comp68533_c0_seq1) and Mitochon-
drial import receptor subunit TOM6 homolog (comp41425_c0_-
seq1) targeted by pau-miR396b, Laccase-4 (comp13315_c0_seq1)
and ABC transporter G family member 7 (comp66172_c0_seq2)
targeted by pau-miR397, Disease resistance protein RPP13
(comp75351_c0_seq5) and Disease resistance protein RGA2
(comp58985_c0_seq1) targeted by pau-miR482b; Pentatricopep-
tide repeat-containing protein At3g09060 (comp66232_c1_seq3)
and Heat shock protein (comp72222_c0_seq1) targeted by pau-
miR408b; Transcription factor WER (comp31199_c0_seq2) and
Myb-related protein P (comp56068_c0_seq1) targeted by pau-
miR858. As expected, the expression levels of the most genes
were inversely correlated with these of the corresponding miRNAs
Fig. 6. Results from qRT-PCR of miRNAs in P. tomentosa. RNAs were isolated from diploid and tetraploid plantlets grown in 30 days (M2-1, M4-1), 6 months (M2-2, M4-2), one year
(M2-3, M4-3). The expression levels of miRNAs were normalized to U6. The normalized miRNA levels in the M2-1 were arbitrarily set to 1.
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Fig. 7. Relative expression levels of the target genes in P. tomentosa. RNAs were isolated from diploid and tetraploid plantlets grown in 30 days (M2-1, M4-1), 6 months (M2-2, M4-
2), one year (M2-3, M4-3). The expression levels of targets were normalized to 18S rRNA. comp68533_c0_seq1 (cysteine proteinase RD21a) and comp41425_c0_seq1 (mitochondrial
import receptor subunit TOM6 homolog) targeted by pau-miR396b; comp13315_c0_seq1 (Laccase-4) and comp66172_c0_seq2 (ABC transporter G family member 7) targeted by
pau-miR397; comp75351_c0_seq5 (disease resistance protein RPP13) and comp58985_c0_seq1 (disease resistance protein RGA2) targeted by pau-miR482b; comp66232_c1_seq3
(pentatricopeptide repeat-containing protein At3g09060) and comp72222_c0_seq1 (heat shock protein) targeted by pau-miR408b; comp31199_c0_seq2 (Transcription factor WER)
and comp56068_c0_seq1 (Myb-related protein P) targeted by pau-miR858; comp62436_c0_seq4 (squamosa promoter-binding-like protein 12) targeted by pau-miR156a.
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member 7 (Fig. 7). During the three developmental stages, pau-
miR156a, pau-miR408b and pau-miR858 expressed at a relatively
lower level in the PT4 than in the PT2 at the six months and one
year plants stages, while its target gene encoding the Squamosa
promoter-binding-like protein 12, Pentatricopeptide repeat-
containing protein, Heat shock protein, Transcription factor WER
and Myb-related protein P expressed in the reverse way (Fig. 7).
Moreover, a reverse trend was noted between pau-miR396b and its
target genes coding for disease resistance protein RPP13 and dis-
ease resistance protein RGA2, and between pau-miR482b and its
target gene coding for cysteine proteinase RD21a and mitochon-
drial import receptor subunit TOM6 in the PT4 as compared to the
PT2. The expression levels of pau-miR396b and pau-miR482b in
PT4 were signiﬁcantly lower than in the PT2 at all treatment stages,
while the reverse was true for their target genes (Fig. 7). These
results suggested that the differentially expressed miRNAs caused
different expression levels in their target genes at different devel-
opment stages. Furthermore, the inverse correlation between
miRNAs and their target genes were conﬁrmed.
4. Discussion
The P. tomentosa tetraploid has as the same genotype as the
diploid, except that the genome doubled. In this study, we
compared the sRNAs in diploid and tetraploid P. tomentosa by deep
sequencing against the P. tomentosa transcriptomes. sRNAs in both
libraries were identiﬁed and classiﬁed. The most abundant sRNA
sequence length was 24 nt, followed by 21 nt, within the range of
miRNAs. We identiﬁed 37 unique conserved miRNA sequences and
14 novel miRNAs with signiﬁcantly different expression levels be-
tween PT2 and PT4 and predicted their targets and pathways.
According to the GO analysis of conserved miRNAs targets in
P. tomentosa, the target genes were classiﬁed into three functional
categories: cellular component, molecular function, and biological
process. Each category included several subcategories and indi-
cated that the target genes of P. tomentosa conserved miRNAs were
predicted to have signiﬁcant functions in cell structure, meta-
bolism, signal transduction, response to stimuli, and other areas.
The peak of gene distribution was in molecular building function,
while cell, cell part, and metabolic process were also very impor-
tant; more than 70 genes played roles in these areas (Fig. 5). These
miRNAs may be closely related to the cell structure differences
between the tetraploid and diploid plants [19].
As we know, the miRNAs are processed by Dicer-like proteins
from stemeloop regions of longer RNA precursors called pri-
miRNAs. In theory, the tetraploids, which have doubled genomes,
should have more pri-miRNAs. By comparing the miRNA expres-
sion levels between these two libraries, we found that the doubling
of the P. tomentosa genome did not simply increase the expression
of miRNAs two fold. Some miRNAs were expressed at similar levels
in PT4 and PT2, while others were expressed much more strongly
or more weakly in PT4 than in PT2. These data suggested that the
regulated function of miRNAs depended on the plant metabolic
system, and the miRNA products varied with howmany pri-mRNAs
were processed by Dicer-like enzymes, affecting plant growth [31].
All these ﬁndings indicated that miRNA regulation may be more
complex in tetraploids than in diploids, resulting in better physi-
ological and biochemical traits.
The miRNAs of the pau-miR397 family, which showed the
highest expression levels in PT4 relative to PT2, were identiﬁed to
target genes of ABC transporter G family member 7, Laccase-4, and
Laccase-11 (Table S4). Similarly, in Arabidopsis, miR397a probably
targeted members of the laccase family, whereas another family
member, miR397b, displayed better complementarity with anothercasein kinase gene. The fact that miR397 can target laccase provides
a unique tool to investigate the function of laccase in higher plants
[32]. Moreover, we have also identiﬁed the target of pau-miR398,
studies in other plants suggest that its target and function were
probably the same as those of miR397. The miRNA Pau-miR394
targeted gene of a F-box protein. F-box family proteins are critical
determinants for controlling Skp1-Cullin-F box complex substrate
selection and are key regulators in many cell-signaling, transcrip-
tion, and cell-cycle pathways [33]. MiR408 was highly conserved in
rice, Arabidopsis, and Populus, while P. tomentosa had at least four
family members (pau-miR408a, pau-miR408a-3p, pau-miR408b,
and pau-miR408b-3p); all were more strongly expressed in the PT4
library. In Arabidopsis, miR408 may target mRNAs encoding plan-
tacyanins and peptide chain release factor [32].
Wheat tetraploids have a high level of salinity tolerance and,
according to previous research, the expressions of miR397, miR398,
miR399, and miR408 were induced in response to drought, cold,
abscisic acid, oxidative, and salt stresses [34e36]. A similar situa-
tion occurred in P. tomentosa. In addition, pau-miR858 was signif-
icantly more strongly expressed in the PT4 library; it targets
transcription factor MYB and is widely involved in the genetic in-
formation processing and transcription response to abiotic stress
pathways. The targets of Pau-miR408b are pentatricopeptide
repeat proteins, whose genes share certain features with disease
resistance genes, and their “nomadic” character suggests that their
evolutionary expansion in plants may have involved novel molec-
ular processes and selective pressures [37]. This ﬁnding indicated
that the P. tomentosa tetraploid may have better stress tolerance
than the diploid.
Overall, the signiﬁcantly altered expression of miRNAs in the
P. tomentosa tetraploid may play important roles in regulating
target genes to result in improved biological characteristics and
timber quality relative to the diploid.Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.biochi.2014.02.008.References
[1] D.P. Bartel, MicroRNAs: genomics, biogenesis, mechanism, and function, Cell
116 (2004) 281e297.
[2] A.C. Mallory, H. Vaucheret, Functions of microRNAs and related small RNAs in
plants, Nat. Genet. 38 (Suppl.) (2006) S31eS36.
[3] O. Voinnet, Origin, biogenesis, and activity of plant microRNAs, Cell 136
(2009) 669e687.
[4] R.A. Mosher, M.G. Lewsey, P.V. Shivaprasad, RNA silencing in plants: ﬂash
report!, Silence 1 (2010) 13.
[5] B. Zhang, X. Pan, G.P. Cobb, T.A. Anderson, Plant microRNA: a small regulatory
molecule with big impact, Dev. Biol. 289 (2006) 3e16.
[6] W. Filipowicz, L. Jaskiewicz, F.A. Kolb, R.S. Pillai, Post-transcriptional gene
silencing by siRNAs and miRNAs, Curr. Opin. Struct. Biol. 15 (2005) 331e341.
[7] R.C. Lee, R.L. Feinbaum, V. Ambros, The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14, Cell 75
(1993) 843e854.
[8] B. Li, Y. Qin, H. Duan, W. Yin, X. Xia, Genome-wide characterization of new and
drought stress responsive microRNAs in Populus euphratica, J. Exp. Bot. 62
(2011) 3765e3779.
[9] C. Wang, J. Han, C. Liu, K.N. Kibet, E. Kayesh, L. Shangguan, X. Li, J. Fang,
Identiﬁcation of microRNAs from Amur grape (Vitis amurensis Rupr.) by deep
sequencing and analysis of microRNA variations with bioinformatics, BMC
Genomics 13 (2012) 122.
[10] Y. Ren, L. Chen, Y. Zhang, X. Kang, Z. Zhang, Y. Wang, Identiﬁcation of novel
and conserved Populus tomentosa microRNA as components of a response to
water stress, Funct. Integr. Genomics 12 (2012) 327e339.
[11] S. Lu, Y.H. Sun, H. Amerson, V.L. Chiang, MicroRNAs in loblolly pine (Pinus
taeda L.) and their association with fusiform rust gall development, Plant J. 51
(2007) 1077e1098.
[12] I.A. Yakovlev, C.G. Fossdal, O. Johnsen, MicroRNAs, the epigenetic memory and
climatic adaptation in Norway spruce, New Phytol. 187 (2010) 1154e1169.
G. Fan et al. / Biochimie 102 (2014) 68e77 77[13] B. Li, W. Yin, X. Xia, Identiﬁcation of microRNAs and their targets from Populus
euphratica, Biochem. Biophys. Res. Commun. 388 (2009) 272e277.
[14] M.J. Axtell, J.A. Snyder, D.P. Bartel, Common functions for diverse small RNAs
of land plants, Plant Cell 19 (2007) 1750e1769.
[15] Z.J. Wang, J.Q. Huang, Y.J. Huang, Z. Li, B.S. Zheng, Discovery and proﬁling of
novel and conserved microRNAs during ﬂower development in Carya
cathayensis via deep sequencing, Planta 236 (2012) 613e621.
[16] L.C. Wan, F. Wang, X. Guo, S. Lu, Z. Qiu, Y. Zhao, H. Zhang, J. Lin, Identiﬁcation
and characterization of small non-coding RNAs from Chinese ﬁr by high
throughput sequencing, BMC Plant Biol. 12 (2012) 146.
[17] C. Song, C. Wang, C. Zhang, N.K. Korir, H. Yu, Z. Ma, J. Fang, Deep sequencing
discovery of novel and conserved microRNAs in trifoliate orange (Citrus tri-
foliata), BMC Genomics 11 (2010) 431.
[18] G.Q. Fan, Z.Q. Yang, Y.C. Cao, X.Q. Zhai, Induction of Autotetraploid of
Paulownia tomentosa, Plant Physiol. Commun. 43 (2007) 109e111.
[19] X.S. Zhang, X.Q. Zhai, G.Q. Fan, M.J. Deng, Z.L. Zhao, Observation on micro-
structure of leaves and stress tolerance analysis of different tetraploid
paulownia, J. Henan Agric. Univ. 46 (2012) 646e650.
[20] X.Q. Zhai, X.S. Zhang, Z.L. Zhao, M.J. Deng, G.Q. Fan, Study on wood physical
properties of tetraploid Paulownia fortunei, J. Henan Agric. Univ. 46 (2012)
651e654.
[21] S. Grifﬁths-Jones, S. Moxon, M. Marshall, A. Khanna, S.R. Eddy, A. Bateman,
Rfam: annotating non-coding RNAs in complete genomes, Nucleic Acids Res.
33 (2005) D121eD124.
[22] I.L. Hofacker, W. Fontana, P.F. Stadler, L.S. Bonhoeffer, M. Tacker, P. Schuster,
Fast folding and comparison of RNA secondary structures, Monatsh. Chem.
125 (1994) 167e188.
[23] B.C. Meyers, M.J. Axtell, B. Bartel, D.P. Bartel, D. Baulcombe, J.L. Bowman,
X. Cao, J.C. Carrington, X. Chen, P.J. Green, S. Grifﬁths-Jones, S.E. Jacobsen,
A.C. Mallory, R.A. Martienssen, R.S. Poethig, Y. Qi, H. Vaucheret, O. Voinnet,
Y. Watanabe, D. Weigel, J.K. Zhu, Criteria for annotation of plant microRNAs,
Plant Cell 20 (2008) 3186e3190.
[24] C. Addo-Quaye, T.W. Eshoo, D.P. Bartel, M.J. Axtell, Endogenous siRNA and
miRNA targets identiﬁed by sequencing of the Arabidopsis degradome, Curr.
Biol. 18 (2008) 758e762.
[25] M.A. German, M. Pillay, D.H. Jeong, A. Hetawal, S. Luo, P. Janardhanan,
V. Kannan, L.A. Rymarquis, K. Nobuta, R. German, E. De Paoli, C. Lu, G. Schroth,
B.C. Meyers, P.J. Green, Global identiﬁcation of microRNA-target RNA pairs by
parallel analysis of RNA ends, Nat. Biotechnol. 26 (2008) 941e946.[26] A. Conesa, S. Gotz, J.M. Garcia-Gomez, J. Terol, M. Talon, M. Robles, Blast2GO: a
universal tool for annotation, visualization and analysis in functional geno-
mics research, Bioinformatics 21 (2005) 3674e3676.
[27] C. Chen, D.A. Ridzon, A.J. Broomer, Z. Zhou, D.H. Lee, J.T. Nguyen, M. Barbisin,
N.L. Xu, V.R. Mahuvakar, M.R. Andersen, K.Q. Lao, K.J. Livak, K.J. Guegler, Real-
time quantiﬁcation of microRNAs by stem-loop RT-PCR, Nucleic Acids Res. 33
(2005) e179.
[28] M. Capra, P.G. Nuciforo, S. Confalonieri, M. Quarto, M. Bianchi, M. Nebuloni,
R. Boldorini, F. Pallotti, G. Viale, M.L. Gishizky, G.F. Draetta, P.P. Di Fiore,
Frequent alterations in the expression of serine/threonine kinases in human
cancers, Cancer Res. 66 (2006) 8147e8154.
[29] Y. Liao, H.-F. Zou, W. Wei, Y.-J. Hao, A.-G. Tian, J. Huang, Y.-F. Liu, J.-S. Zhang,
S.-Y. Chen, Soybean GmbZIP44, GmbZIP62 and GmbZIP78 genes function as
negative regulator of ABA signaling and confer salt and freezing tolerance in
transgenic Arabidopsis, Planta 228 (2008) 225e240.
[30] C.A. Pise-Masison, J. Dittmer, K.E. Clemens, J.N. Brady, Physical and func-
tional interaction between the human T-cell lymphotropic virus type 1 Tax1
protein and the CCAAT binding protein NF-Y, Mol. Cell. Biol. 17 (1997)
1236e1243.
[31] M.W. Jones-Rhoades, D.P. Bartel, B. Bartel, MicroRNAs and their regulatory
roles in plants, Annu. Rev. Plant Biol. 57 (2006) 19e53.
[32] R. Sunkar, J.K. Zhu, Novel and stress-regulated microRNAs and other small
RNAs from Arabidopsis, Plant Cell 16 (2004) 2001e2019.
[33] E.T. Kipreos, M. Pagano, The F-box protein family, Genome Biol. 1 (2000)
R3002.
[34] R. Sunkar, A. Kapoor, J.-K. Zhu, Posttranscriptional induction of two Cu/Zn
superoxide dismutase genes in Arabidopsis is mediated by downregulation of
miR398 and important for oxidative stress tolerance, Plant Cell 18 (2006)
2051e2065.
[35] X. Jia, W.X. Wang, L. Ren, Q.J. Chen, V. Mendu, B. Willcut, R. Dinkins, X. Tang,
G. Tang, Differential and dynamic regulation of miR398 in response to ABA
and salt stress in Populus tremula and Arabidopsis thaliana, Plant Mol. Biol. 71
(2009) 51e59.
[36] R. Munns, R.A. James, Screening methods for salinity tolerance: a case study
with tetraploid wheat, Plant Soil 253 (2003) 201e218.
[37] R. Geddy, G.G. Brown, Genes encoding pentatricopeptide repeat (PPR) pro-
teins are not conserved in location in plant genomes and may be subject to
diversifying selection, BMC Genomics 8 (2007) 130.
